We propose a new type of Y-branch power splitter and beam expander with scales of microns in twodimensional (2D) photonic crystals (PCs) by drilling air holes in a silicon slice. Its functionality and performance are numerically investigated and simulated by finite-difference time-domain (FDTD) method. Simulation results show that the splitter can split a TE polarized light beam into two parallel sub-beams and the distance between them is tunable by changing the parameters of the splitter, while the expander can expand a narrow beam into a wider one, which is realized in an integrated optical circuit. The proposed device is based on the avoiding of anomalous reflection effect and the coupling transmission of defect modes of the interfaces.
Photonic crystals (PCs) are artificial materials that have periodic dielectric structures. Due to their unique ability to modify photon interaction with host materials by projecting special structure of material, nowadays PCs have become an active research area [1−3] . It is very astonishing that a beam of electromagnetic wave could propagate almost without diffraction in perfect PCs, which is called self-collimation and has attracted much attention [4−7] . The phenomena associated with PCs, such as super prism, anomalous reflection, and negative refraction, have been observed in experiments [8−10] . Yu et al. have shown that for a self-guiding beam incident upon the interface of PCs from a uniform dielectric, the direction of the reflected beam is independent of the orientation of the interface within certain incident angle range, which is called the anomalous reflection [9] . The principles of self-collimation and anomalous reflection have been employed in the new type of optical apparatus [11−14] . In this letter, we investigate a two-dimensional (2D) square lattice PC composed of air holes in a silicon slice. Using the equal-frequency contours (EFCs), we analyze the anomalous reflection and self-collimation phenomena for this structure. To avoid the anomalous reflection effect, a triangular area is properly etched in the PC. The etched area plays a role of a power splitter or a beam expander for an incident beam with a TE polarization [15] (the electric field is perpendicular to the axis of the air holes), as confirmed by the finite-difference time-domain (FDTD) simulations [16] . The physical mechanism of the beam expander is also discussed. We found that the truncation of the interface between the etched area and the PC is very important for beam transmission because of the coupling of the defect modes [11] . For general dielectrics, the reflection of a light beam is governed by the well-known Snell's law, which states that the reflection angle of light beam is strictly equal to its angle of incidence. However, for PCs, the direction of energy flow is determined by v g = ∇ k ω [8] , where v g is the group velocity, k is the wave vector, and ω is the angular frequency. The complex band structures lead to a great difference such that the energy flow can propagate along other directions rather than that of the wave vector k. So the reflection of a light beam upon the interface between PCs and a uniform dielectric is not necessary to satisfy Snell's law, and the anomalous reflection can take place.
In order to determine the conditions for anomalous reflection taking place, we performed the EFC analysis for the reflection behavior. We only consider the condition that a light beam is incident from the PC structure to a homogenous dielectric (for example air). The PC structure considered in this letter is shown in the inset of Fig. 1 , which consists of a (44 lattice of air holes with the air-hole radius of 0.35a (a is the lattice constant) introduced in a silicon slab (the refractive index n = 3.5). Only along the ΓM direction, self-collimation can take place [17] . For a self-collimated beam with a wave vector k propagating along the ΓM direction, if the incident interface (the PC-air interface) is chosen as the (10) plane (the dashed line AB in Fig. 1 represents the cross line between the (10) plane and the EFC section), the reflected beam will have a 90
• bend since the incident angle is 45
• . As the orientation of the incident interface rotates about an axis perpendicular to the EFC section through the Γ point and deviates a small angle from the (10) plane, the reflected beam will still remain a 90
• bend, which is referring to the anomalous reflection. From the EFC calculations, we can determine the range of the orientation of the incident interface deviating from that of the (10) plane, within which the reflection angle largely remains unchanged. When we vary the orientation of the incident interface from the orientation of AB (the (10) plane) to that of A 1 B 1 (A 1 B 1 denotes the cross line of the incident interface with the EFC section), one can draw a "k-conservation" line l 1 through the head of the incident wave vector k in a direction perpendicular to A 1 B 1 , which intersects the EFC of PC structure at point C in the first Brillouin zone. From Fig. 1 , we can get the critical angle for A 1 B 1 relative to AB in the clockwise direction by geometrical solution, which is found to be about 13
• . If the angle between the incident interface and the (10) plane in the clockwise direction exceeds this critical angle, the "kconservation" line l 1 would not intersect with the EFC of PC structure at the linear part of each side or even has no intersection in the first Brillouin zone except the arrowhead of the wave vector. Therefore, no anomalous reflection can take place anymore. Similarly, we can determine the critical angle in counterclockwise direction, namely the maximal angle between AB and A 2 B 2 , which is about 7
• . The magnitude of these two angles is consistent with the FDTD simulation results. Consequently, the orientation of the incident interface can be truncated along the direction in a 20
• angle range between A 1 B 1 and A 2 B 2 for anomalous reflections taking place. If we gradually increase the angle between the incident interface and the (10) plane in counterclockwise direction to exceed the critical angle of 7
• , the "k-conservation" line will no longer intersect with the EFC of the PC structure at the first Brillouin zone except the arrowhead of the wave vector, but intersect with the EFC at the second Brillouin zone. As a result, the anomalous reflection would be greatly depressed corresponding to an increase of the transmission. In the light of the preceding analysis, we can design a power splitter and a beam expander.
In Fig. 2 , we establish an orthogonal coordinate system in the PC, in which the x axis is along the ΓM direction, and the origin is at the center of an air hole. If the isosceles triangular part in Fig. 2 is etched away, then the PC system becomes a beam splitter, which means that it can split one beam into two parallel sub-beams. To be explicit, the beam splitter (expander) denotes the whole PC system, which involves two parts: the self-guiding region and the splitting region (the triangular air area). The parameters of splitter (expander) only concern that of the isosceles triangle air part. As shown in Fig. 2 , the vertex of the splitter is fixed at the point (−0.3a, 0), the length of hemline L is 20a and is kept unchanged for the convenience of discussion, while the height H is allowed to vary from 6.1a to 7.6a. Choosing −0.3a as the x coordinate of the splitter vertex is only because −0.3a is the optimum value to obtain the maximum transmission of light beam by parameter scanning in FDTD simulations. Here, the process of fixing the length L and changing the height H is just equivalent to that of fixing the height H and changing the length L, because the significant variable parameter is the vertex angle of the splitter θ = 2 arctan(L/2H). These parameters of splitter are chosen for an incident beam with a width of 4a and the beam width also stays constant in the context. The vertex angle of the triangular air area varies with different splitter heights H due to a fixed hemline length L, so the incident angle of the self-collimated beam propagating along the x axis can be controlled by designing appropriate values of splitter height H.
In Fig. 2 , a continuous Gaussian beam source with a beam width 4a and the working frequency 0.19c/a is placed at (−14.5a, 0). Two power monitors (I and II) are located at (−8a, 0) and (37a, 0), respectively, by which one can obtain the power intensity and the field distribution of the beam along the y direction. The widths of two monitors along the y direction are 6 √ 2a and 19 √ 2a, which are large enough to measure the power of the corresponding beams. The perfectly matched layer (PML) absorbing boundary conditions are used at the boundary of PC.
We performed the FDTD simulation and obtained the steady-field pattern (z component of the magnetic field) for the splitter of height 7a, as shown in Fig. 3 . An incident beam with a width 4a propagating from left to right along the ΓM direction through the PC-air interface of the isosceles triangle air part is separated into two collimated beams with nearly the same widths. The separated distance between two beams is about 8.1a, and each beam exhibits self-collimation characteristic along the ΓM direction. Therefore, this device can be regarded as a genuine beam splitter. There is a small part of power dissipation occurring at the incident interfaces due to reflections. The transmission is defined as the ratio of the average outgoing energy flow to the incident energy flow. The total transmission is about 67% for the configuration described above.
We define the separated distance D of two parallel beams as the spatial distance of their power intensity maxima, so we should firstly determine the center point of the beam. Based on the power intensity distribution measured by the power monitor II, we can theoretically get the distance D, which varies with the height H of the splitter and can be expressed as
where H 1z and H 2z indicate the magnetic fields of the beam (i) and beam (ii). However, the steady-field distributions of the two separated parallel beams overlap with each other. In fact, it is impossible to distinguish H 1z and H 2z from the power distribution measured by the power monitor II. As a result, Eq. (1) cannot be used to calculate the distance of two separated beams. We utilize the Gaussian functions to fit the power intensity distribution only in the upper half space y ≥ 0, and find out the center of the upper beam (i). Because two separated beams are completely the same in the upper and lower spaces, once the center of one beam is determined, the other is also known. Therefore the distance D of two separated beams is determined. We assume that all other concerned parameters remain fixed, and only the height H of the isosceles triangular air part is allowed to vary from 6.5a to 7.6a. The distance D between two separated beams monotonically increases with the height of the splitter, as shown in Fig. 4 . It has an approximate proportional relation with the height H. When the height of the splitter is 7.6a, the vertex angle of splitter is 2 × 53
• . The incident interface deviates from the (10) plane with an angle of 53
• − 45 • = 8
• , which has exceeded the maximal angle 7
• of the "k-conservation" line l 1 intersecting with the EFC at the first Brillouin zone in counterclockwise direction. The "k-conservation" line perpendicular to the incident interface would intersect with the EFC for the air, which means more energy flow can get into the air and the anomalous reflection would be greatly depressed. We define the air holes which intersect with the x axis as the zeroth order air holes, and the other rows of air hole can be classified as the 1st, 2nd, 3rd, · · · orders in the upper space (see Fig. 2 ). When the height of splitter is 7.6a, the incident interface firstly truncates one 5th order air hole (
2 a). So the incident interface is generally of air hole defects and not a perfect plane. When the height of splitter is 6.5a (the vertex angle of splitter is 2 × 57
• ), the incident interface of splitter first truncates a 3rd order air hole (
2 a), and the distance between the two separated beams decreases too. In the limit of this procedure, the two separated beams can overlap with each other or even merge into one beam. The analysis above shows that by eliminating the anomalous reflection effect, more power will couple into the air splitter. Actually, the physical mechanism of the splitting device is that the splitting effect comes from the refraction (away from the beam center) of the beam by the interface between PCs and a uniform medium. The function of the right-hand side part of the splitter is to collimate the propagation along ΓM direction. The two outgoing beams of the splitter could overlap and merge into one wider self-collimated beam. The critical condition of the splitter for one incident beam being separated into two distinct beams or still keeping one beam is that whether the y coordinate of the first air hole defect is larger than
2 a or not. This critical condition is nevertheless empirical obtained by the simulation process. Figure 5 shows the sum of power intensities of two separated beams versus the height of splitter with the splitter vertex fixed at (−0.3a, 0). The power intensity normalized with that of the incident beam can be obtained by using the power monitors. The transmitted power intensity remains above 60% in the whole scanning range. Especially in the range (6.6a, 6.8a), the power intensity is over 90%. This is due to the fact that with the height of splitter decreasing, the incident interface gradually deviates from the (10) plane in the counterclockwise direction and the anomalous reflection effect is greatly depressed, so the transmitted beams become stronger.
We note that the distance of the two parallel separated beams decreases with the height of splitter (Fig. 4) . When the height of splitter decreases to 6.5a, the incident interface of splitter first truncates one 3rd order air hole, and two separated beams merge into a wider beam. When the height of splitter decreases continuously to 6.4a, the incident interface will have more micro defects. The incident beam will couple into the splitter through the channels of micro defects. The two separated beams overlap to form a wider beam. In other words, the device now becomes a beam expander when the height of splitter is 6.4a. Figure 6 shows the steady-field pattern by the FDTD simulation for the situation that the incident beam with a width of 4a is expanded into one wider beam with a width of 7.6a, which is 1.9 times of that of the incident beam. The profiles for the field intensity of the expanded beam are very similar to that of the incident beam, which is shown in Fig. 7 . Due to the back reflection, a small part of power dissipation occurs at the incident interfaces. The reflection can be illustrated by the EFC in Fig. 1 . The k-conservation Line l 2 intersects with the EFC of the PC at point E of the second Brillouin zone, which can induce weak reflection. The transmitted energy flow exceeds 76% despite the fact that there are more power reflected back into PC at the incident interface. When the height of beam expander continuously decreases from 6.4a to 6.1a, the incident beam will have more air hole defects to couple into the isosceles triangular air part, and the two separated beams will overlap gradually, leading to the beam width getting smaller in this process. When the splitter height H is 6.1a, the transmitted beam has almost the same width as that of the incident beam and the device only changes the power intensity distribution of the beam just like an attenuator.
In summary, by suppressing the anomalous reflection effect, the proposed device can split one incident beam into two parallel separated sub-beams. When the incident interface of the splitter intersects through one of the 3rd order air holes, the two separated beams can overlap and become one wider beam. The condition for this device being a beam splitter or a beam expander is determined by the y coordinate of the first truncated air hole of the incident interface. When this value is less than 3 √ 2 2 a, the device is a beam splitter, otherwise a beam expander. To our knowledge, this is the first time to propose a beam expander in an integrated optical circuit, which has many advantages over the conventional ones, for example, the beam expander is compact and easily produced, while the lens combination is hardly integrated into optical circuit to expand a beam. By changing the height of the splitter, it is easy to satisfy the various requests and guarantee a high transmission. Although we only consider the 2D PC system which has an infinite length along the vertical direction, it is reasonable for a basic PC slab structure of air rods embedded in a solid silicon background. In such structures, light can be confined in the third dimension by traditional index guiding. So the proposed device may have much potential application in fiber communication and integrated optical circuits.
